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- The MAILING DATE of this communication appears on the cover sheet with the correspondence address - 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 1 MONTH(S) OR THIRTY (30) DAYS, 
WHICHEVER IS LONGER, FROM THE MAILING DATE OF THIS COMMUNICATION. 

- Extensions of time may be available under the provisions of 37 CFR 1.1 36(a). In no event, however, may a reply be timely filed 

after SIX (6) MONTHS from the mailing date of this communication. . 

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication 

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 
Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1 .704(b). 

Status 

1 )S Responsive to communication(s) filed on 27 November 2007. 
2a)D This action is FINAL. 2b)D This action is non-final. 

3) D Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 CD. 11, 453 O.G. 213. 

Disposition of Claims 

4) M Claim(s) 29-66 is/are pending in the application. 

4a) Of the above claim(s) is/are withdrawn from consideration. 

5) D Claim(s) is/are allowed. 

6) D Claim(s) is/are rejected. 

7) D Claim(s) is/are objected to. 

8) S Claim(s) 29-66 are subject to restriction and/or election requirement. 

Application Papers 

9) Q jhe specification is objected to by the Examiner. 

10) D The drawing(s) filed on is/are: a)D accepted or b)D objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1 .85(a). 
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d). 
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DETAILED ACTION 

RE: Young et al. 

1 . The examiner of your application in the PTO has changed. To aid in correlating 
of any papers for this application, all further correspondence regarding this application 
should be directed to Hong Sang, Art Unit: 1643. 

2. The prior office action mailed on 9/28/2007 has been vacated in favor of the 
following action. 



Election/Restrictions 

3. Restriction is required under 35 U.S.C. 121 and 372. 

This application contains the following inventions or groups of inventions which 
are not so linked as to form a single general inventive concept under PCT Rule 13.1. 

In accordance with 37 CFR 1 .499, applicant is required, in reply to this action, to 
elect a single invention to which the claims must be restricted. 

Group I claim(s) 29, 31-34, 36-39, 41-43, 45-47, 49, and 50, drawn in part to a 
host cell for the treatment of cancer that is transfected or transduced with 
one or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is Enx/EZH2 

Group II claim(s) 29, 32-34, 37-39, 42, 43, 46, 47, and 50, drawn in part to a host 
cell for the treatment of cancer that is transfected or transduced with one 
or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
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epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is EED. 

Group III claim(s) 29, 30, 32-35, 37-40, 42-44, 46-48 and 50, drawn in part to a 

host cell for the treatment of cancer that is transfected or transduced with 
one or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is BMI-1 . 

Group IV claim(s) 29, 32-34, 37-39, 42, 43, 46, 47, and 50, drawn in part to a host 
cell for the treatment of cancer that is transfected or transduced with one 
or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is RING-1 

Group V claim(s) 29, 32-34, 37-39, 42, 43, 46, 47, and 50, drawn in part to a host 
cell for the treatment of cancer that is transfected or transduced with one 
or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is HPH1 . 

Group VI claim(s) 29, 32-34, 37-39, 42, 43, 46, 47, and 50, drawn in part to a host 
cell for the treatment of cancer that is transfected or transduced with one 
or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is HPH2 
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Group VII claim(s) 29, 32-34, 37-39, 42, 43, 46, 47, and 50, drawn in part to a host 
cell for the treatment of cancer that is transfected or transduced with one 
or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is HPC3. 

Group VIII claim(s) 29, 32-34, 37-39, 42, 43, 46, 47, and 50, drawn in part to a host 
cell for the treatment of cancer that is transfected or transduced with one 
or more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, an isolated polynucleotide encoding said protein, 
peptide or epitope, a vector comprising the polynucleotide, a vaccine 
comprising an isolated polynucleotide encoding said protein, peptide or 
epitope, and a vaccine comprising a host cell transfected or transduced 
with one or more of a polycomb protein, or an immunogenic peptide or 
epitope derived therefrom, wherein the polycomb protein is CtBP. 

Group IX claim(s) 39, 41 , and 42, drawn in part to a vaccine comprising one or 
more of a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom, wherein the polycomb protein is Enx/EZH2 

Group X claim(s) 39, 40, and 42, drawn in part to a vaccine comprising one or more 
of a polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is BMI-1. 

Group XI claim(s) 51 , 52, 54, and 61 , drawn in part to a method of treating cancer 
comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is Enx/EZH2 

Group XII claim(s) 51 , 52, 54, and 61 drawn in part to a method of treating cancer 

comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is EED. 

Group XIII claim(s) 51-54, and 61 , drawn in part to a method of treating cancer 

comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is BMI-1 . 
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Group XIV claim(s) 51 , 52, 54, and 61 , drawn in part to a method of treating cancer 
comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is RING-1 

Group XV claim(s) 51 , 52, 54, and 61 , drawn in part to a method of treating cancer 
comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is HPH1 . 

Group XVI claim(s) 51 , 52, 54, and 61 , drawn in part to a method of treating cancer 
comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is HPH2 

Group XVII claim(s) 51 , 52, 54, and 61 , drawn in part to a method of treating cancer 
comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is HPC3. 

Group XVIII claim(s) 51 , 52, 54, and 61 , drawn in part to a method of treating cancer 
comprising administering to a patient a vaccine composition comprising a 
polycomb protein, or an immunogenic peptide or epitope derived 
therefrom, wherein the polycomb protein is CtBP. 

Group XIX claim(s) 51 , 52, 54-61 , 63, 64 and 66 drawn in part to a method of treating 
cancer comprising administering to a patient a vaccine composition 
comprising an isolated polynucleotide encoding a polycomb protein, or an 
immunogenic peptide or epitope derived therefrom, wherein the polycomb 
protein is Enx/EZH2 

Group XX claim(s) 51 , 52, 54-61 , 64 and 66 drawn in part to a method of treating 
cancer comprising administering to a patient a vaccine composition 
comprising an isolated polynucleotide encoding a polycomb protein, or an 
immunogenic peptide or epitope derived therefrom, wherein the polycomb 
protein is EED. 

Group XXI claim(s) 51-62, 64 and 66 drawn in part to a method of treating cancer 

comprising administering to a patient a vaccine composition comprising an 
isolated polynucleotide encoding a polycomb protein, or an immunogenic 
peptide or epitope derived therefrom, wherein the polycomb protein is 
BMI-1. 
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Group XXII claim(s) 51 , 52, 54-61 , 64 and 66, drawn in part to a method of treating 
cancer comprising administering to a patient a vaccine composition 
comprising an isolated polynucleotide encoding a polycomb protein, or an 
immunogenic peptide or epitope derived therefrom, wherein the polycomb 
protein is RING-1 

Group XXIII claim(s) 51 , 52, 54-61, 64 and 66 drawn in part to a method of treating 
cancer comprising administering to a patient a vaccine composition 
comprising an isolated polynucleotide encoding a polycomb protein, or an 
immunogenic peptide or epitope derived therefrom, wherein the polycomb 
protein is HPH1. 

Group XXIV claim(s) 51 , 52, 54-61 , 64 and 66, drawn in part to a method of treating 
cancer comprising administering to a patient a vaccine composition 
comprising an isolated polynucleotide encoding a polycomb protein, or an 
immunogenic peptide or epitope derived therefrom, wherein the polycomb 
protein is HPH2 

Group XXV claim(s) 51 , 52, 54-61 , 64 and 66, drawn in part to a method of treating 
cancer comprising administering to a patient a vaccine composition 
comprising an isolated polynucleotide encoding a polycomb protein, or an 
immunogenic peptide or epitope derived therefrom, wherein the polycomb 
protein is HPC3. 

Group XXVI claim(s) 51 , 52, 54-61 , 64 and 66, drawn in part to a method of treating 
cancer comprising administering to a patient a vaccine composition 
comprising an isolated polynucleotide encoding a polycomb protein, or an 
immunogenic peptide or epitope derived therefrom, wherein the polycomb 
protein is CtBP. 

Group XXVII claim(s) 64-66, drawn in part to a method of treating cancer comprising 
administering to a patient a vaccine composition comprising a host cell 
containing a polycomb protein, or an immunogenic peptide or epitope 
derived therefrom. 



4. The inventions listed as Groups l-XXVII do not relate to a single general inventive 
concept under PCT Rule 13.1 because, under PCT Rule 13.2, they lack the same or 
corresponding special technical features for the following reasons: the special technical 
feature linking the Groups l-XXVII appears to be a polycomb protein or a vector 
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comprising a polynucleotide encoding a polycomb protein (see claims 34 and 39 for 
example). The polycomb protein or the vector comprising a polynucleotide encoding a 
polycomb protein cannot be a special technical feature under PCT Rule 13.2 because it 
is shown in the prior art. Satjin et al. (Mol. Cell Biol. 1999, 19:57-68) teach a 
polynucleotide vector encoding a polycomb protein i.e. RING-1, and cells transfected 
with the vector comprising the RING-1 polynucleotide (see page 58, 1st column, 5th 
paragraph). Therefore the technical feature linking the inventions is not novel and does 
not provide contribution over the prior art. As such, unity of invention is lacking and the 
inventions are deemed to be separate. 

5. This application contains claims directed to more than one species of the generic 
invention. These species are deemed to lack unity of invention because they are not so 
linked as to form a single general inventive concept under PCT Rule 13.1 . 
The species are as follows: 

Different cancers: liver, lung, breast, stomach, colorectal, cervix, prostate, 
bladder, pancreas, brain, ovarian, melanoma, lymphoma, leukemia. 

Applicant is required, in reply to this action, to elect a single species (i.e. single 
cancer) to which the claims shall be restricted if no generic claim is finally held to be 
allowable. The reply must also identify the claims readable on the elected species, 
including any claims subsequently added. An argument that a claim is allowable or that 
all claims are generic is considered non-responsive unless accompanied by an election. 
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Upon the allowance of a generic claim, applicant will be entitled to consideration 
of claims to additional species which are written in dependent form or otherwise include 
all the limitations of an allowed generic claim as provided by 37 CFR 1 .141 . If claims 
are added after the election, applicant must indicate which are readable upon the 
elected species. MPEP § 809.02(a). 

The claims are deemed to correspond to the species listed above in the following 
manner: Claims 33, 38, 54 and 66. 

The following claim(s) are generic: 29-32, 34-37, 39-53, and 55-65. 

The species listed above do not relate to a single general inventive concept 
under PCT Rule 13.1 because, under PCT Rule 13.2, the species lack the same or 
corresponding special technical features for the reasons set forth above. 

6. Applicant is advised that the reply to this requirement to be complete must 
include (i) an election of a species or invention to be examined even though the 
requirement be traversed (37 CFR 1 .143) and (ii) identification of the claims 
encompassing the elected invention. 

The election of an invention or species may be made with or without traverse. To 
reserve a right to petition, the election must be made with traverse. If the reply does not 
distinctly and specifically point out supposed errors in the restriction requirement, the 
election shall be treated as an election without traverse. 

Should applicant traverse on the ground that the inventions or species are not 
patentably distinct, applicant should submit evidence or identify such evidence now of 
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record showing the inventions or species to be obvious variants or clearly admit on the 
record that this is the case. In either instance, if the examiner finds one of the inventions 
unpatentable over the prior art, the evidence or admission may be used in a rejection 
under 35 U.S.C.103 (a) of the other invention. 



7. Applicant is reminded that upon the cancellation of claims to a non-elected 
invention, the inventorship must be amended in compliance with 37 CFR 1 .48(b) if one 
or more of the currently named inventors is no longer an inventor of at least one claim 
remaining in the application. Any amendment of inventorship must be accompanied by 
a request under 37 CFR 1 .48(b) and by the fee required under 37 CFR 1 .1 7(i). 



8. The examiner has required restriction between product and process claims. 
Where applicant elects claims directed to the product, and the product claims are 
subsequently found allowable, withdrawn process claims that depend from or otherwise 
require all the limitations of the allowable product claim will be considered for rejoinder. 
All claims directed a nonelected process invention must require all the limitations of an 
allowable product claim for that process invention to be rejoined. 

In the event of rejoinder, the requirement for restriction between the product 
claims and the rejoined process claims will be withdrawn, and the rejoined process 
claims will be fully examined for patentability in accordance with 37 CFR 1 .104. Thus, to 
be allowable, the rejoined claims must meet all criteria for patentability including the 
requirements of 35 U.S.C. 101, 102, 103 and 112. Until all claims to the elected product 
are found allowable, an otherwise proper restriction requirement between product 
claims and process claims may be maintained. Withdrawn process claims that are not 
commensurate in scope with an allowable product claim will not be rejoined. See MPEP 
§ 821.04(b). Additionally, in order to retain the right to rejoinder in accordance with the 
above policy, applicant is advised that the process claims should be amended during 
prosecution to require the limitations of the product claims. Failure to do so may result 
in a loss of the right to rejoinder. Further, note that the prohibition against double 
patenting rejections of 35 U.S.C. 121 does not apply where the restriction requirement 
is withdrawn by the examiner before the patent issues. See MPEP § 804.01 
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9. Any inquiry concerning this communication or earlier communications from the 



examiner should be directed to Hong Sang whose telephone number is (571) 272 8145. 
The examiner can normally be reached on 8:30am-5:00pm. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Larry R. Helms can be reached on (571) 272-0832. The fax phone number 
for the organization where this application or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the 
Patent Application Information Retrieval (PAIR) system. Status information for 
published applications may be obtained from either Private PAIR or Public PAIR. 
Status information for unpublished applications is available through Private PAIR only. 
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 
you have questions on access to the Private PAIR system, contact the Electronic 
Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a 
USPTO Customer Service Representative or access to the automated information 
system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 




Hong Sang, Ph.D. 
Art Unit 1643 
1/15/08 
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RING1 Interacts with Multiple Polycomb-Group Proteins 
and Displays Tumorigenic Activity 

DAVID P. E. SATIJN and ARIE P. OTTE* 

E. C. Slater Insrituur, BioCenmtm Amsterdam, University of Amsterdam. 
iOIH I V Amsterdam, The Netherlands 

Received 20 July 1998/Re turned for modification 18 August 1998/Accepied 17 September 1998 

Polycomb-group (PcG) proteins form large multimeric protein complexes that are involved in maintaining 
the transcriptionally repressive state of genes. Previously, we reported that RING1 interacts with vertebrate 
Pol.yc.omb (Pc) homologs and is associated with or is part of a human PcG complex. However, very little is 
known about the role of RING1 as a component of the PcG complex. Here we undertake a detailed charac- 
terization of RING] protein-protein interactions. By using directed two-hybrid and in vitro protein-protein 
analyses, we demonstrate that RING1, besides interacting with the human Pc homolog HPC2, can also interact 
with itself and with the vertebrate PcG protein BMII. Distinct domains in the RING1 protein are involved in 
the self-association and in the interaction with BMI'l. Further, we find that the BMII protein can also interact 
with itself. To better understand the role of RING1 in regulating gene expression, we overexpressed the protein 
in mammalian cells and analyzed differences in gene expression levels. This analysis shows that overexpression 
of RING 1 strongly represses £it-2, a mammalian homolog of the well -characterized Drosophila PcG target gene 
engrailed, Furthermore, RING I overexpression results in enhanced expression of the proto-oncogenes c-ywi and 
c-fos. The changes in expression levels of these proto-oncogenes are accompanied by cellular transformation, 
as judged by anchorage-independent growth and the induction of tumors in athymic mice. Our data demon- 
strate that RING! interacts with multiple human PcG proteins, indicating an important role for RING1 in the 
PcG complex. Further, deregulation of RING1 expression leads to oncogenic transformation by deregulation 
of the expression levels of certain oncogenes. 



During embryogenesis, many different cell types develop 
from one ferlilizecfegg. Ceil type specificity emerges as a result 
of differential expression of regulatory genes. Notably, cell- 
specific sets of active and inactive genes determine the cell s 
identity. To preserve the identity of the cell, it is important that 
these specific expression patterns be maintained and stably 
inherited by daughter cells in a celMype-speclfic manner. 
Therefore, the maintenance of cell type specificity needs to be 
regulated by a cellular memory system. In Drosophila, for in- 
stance, the products of the Polycom b-c,roup (PcG) genes are 
required tor stable repression of gene activity. PcG proteins 
are evoiutionarily conserved, being involved in the inheritabty 
stable repression of homeotic gene expression both in Dro- 
sophila and in vertebrates (8, 14, 16, 24, 27). 

It has been observed that in Drosophila, different PcG pro- 
teins, including Polyeomb (Pc), Polyhomeotic (Ph), and Pos- 
terior sex combs (Psc), bind in overlapping patterns on poly- 
tene chromosomes (18, 36). Based on this observation, it has 
been proposed that PcG proteins repress gene activity via the 
formation of multimeric protein complexes. With the genetic 
vcast two-hybrid system, it is possible to search for direct pro- 
tein-protein interactions in order to determine the identities of 
PcG complex components. In this way, several vertebrate PcG 
homologs have beet) found to interact. The human homologs 
of Ph, HPH1 and HPH2, have been found to interact with each 
other and with BMIi, the vertebrate homolog of the Drosoph- 
ila PcG protein Psc (9). A human Pc homolog. HPC2, interacts 
with a RING finger protein, RING! (21). It has further been 
lound that Pc and Ph coimmunoptccipilate in Drosophila (ft). 

' : Corresponding author. Mailing address: E. C. Slater Instittnit, 
BioCemrum Amsterdam, University of Amsterdam, Plautagc Muidci- 
grachi 12, 1018 TV Amsterdam. The Netherlands. Phone: 31-20- 
S255H5. Fax: 3 1 -20-5255 J 24. E-mail*, ririe.ouejfreheiu.uva.nl. 



The human HPHI, HPH2, BMII, H PC2, and RING 1 proteins 
also coimmunoprecipitatc. and they eolocali/.e in distinct nu- 
clear domains of mammalian cell lines, termed PcG domains 
(9, 21). Similar biochemical interactions between homologs of 
Pc. Ph, Psc, and RING I have been identified in mice and in 
Xenopus embryos (1, 10, 19, 21). 

Expression analyses of several vertebrate PcG proteins re- 
veal that they are differentially distributed in tissues and cell 
lines and that the expression of certain PcG proteins in these 
tissues is dependent on the lime of development (4, 9, 15. 19, 
21). This finding suggests that different, specific PcG com- 
plexes exist with different protein compositions. Direct evi- 
dence for the existence of two different vertebrate PcG com- 
plexes is gained from the characterization of the vertebrate 
PcG protein BED. EED coimmunoprecipitates and colocalizes 
with the mammalian PcG protein Enxl/EZH2 but not with 
other vertebrate PcG proteins such as HPC2 or BMII. These 
findings indicate ihe existence of different, specific vertebrate 
PcG complexes that may contribute to specificity for target 
genes and possibly for different tissues (26, 34). 

Recently., we have shown that interference with the function 
of HPC2 deregulates the expression of the proto-oneogene 
c-myc. Overexpression of HPC2 results in repression of c-w.vc. 
Overexpression of a dominant-negative HPC2 deletion mu- 
tant, AHPC2, which lacks a conserved C-terminal domain that 
is crucial for HPC2-rncdiated gene repression, led to enhanced 
expression of the c-myc gene in several mammalian cell lines. 
Concomitantly, overexpression of AHPC2 results in cellular 
transformation and anchorage-independent growth in mam- 
malian cells (22). Although it cannot be concluded whether the 
effect of HPC2 on c-myc is direct or indirect, these data suggest 
thai, one function of the mammalian PcG proteins is to re- 
press the transcription of certain proto-oncogcneN. Important- 
ly, HPC2 is not the only PcG member found to be linked with 
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oncogenesis. 1 wo other mammalian PcG proteins, Bmi-1 and 
mel-18, have also been shown to be involved in tumorigenesis. 
The mouse PcG gene bmi-1 collaborates with the proto-onco- 
gene c-wyc to cause lymphomas (II, 33). Interference with the 
expression of the mammalian PcG protein rnel-18 induces tu- 
mors in nude mice (13). These findings indicate that mamma- 
lian PcG proteins have oncogenic properties. 

Previously we (bund that the human RING! protein inter- 
acts with HPC2 and is associated with the human PcG protein 
complex (21). However, little is known about the function of 
RINGi. Here, we analyzed the functions of RINGi in more 
detail. Using directed two-hybrid and in vitro protein-protein 
analyses, we found that RINGI is able to interact with multiple 
human PcG proteins. We also ovcrexpresscd RINGI in mam- 
malian cells and analyzed the differences in gene expression 
patterns. We found that overexpression of RINGi repressed 
the gene activity of a mammalian homolog of engrailed, 

a well-characterized Drosophiia PcG target gene. Overexpres- 
sion of RING 1 anther deregulated the expression of the proto- 
oneogenes c-jun and c-fos. Concomitant with the changes in 
the expression levels of these oncogenes, cellular transforma- 
tions and the formation of tumors in athymic mice were in- 
duced. Our data suggest that RINGI interacts with multiple 
human PcG proteins and that overexpression of RING! leads 
to oncogenic transformations by the deregulation of specific 
oncogenes. 

MATERIALS AND METHODS 

Construction of ihc pAS3 two-hybrid vector. Using the pAS2 two-hybrid vec- 
ior (Cioniech), wc obtained a GAL4 DNA binding domain (DBD) tUMon protein 
in which the GAL4 DBD is positioned at the N terminus of tne protein. To 
generate ("-terminally positioned GAJ..4 DHD fusion proteins, we constructed a 
new two-.hybrid vector in which the CM A DBD is placed downstream of the 
po-ylinker to create pAS3, a O terminal fusion protein that is very similar to 
pAS2. To construct the pAS3 vector, the A.OH promoter and the GAi.4 DBD 
domain from pAS?. were rceicmed By PGR, we derived the GA\A DBD frag- 
ment, ammo acids (aa) 1 to 147, and die ADH promoter, usmg pAS2 as a 
template. The GAJ..4 DBD and the ADH promoter fragments were cloned in 
pBhicscripf in a iwo-stcp ligation, creating an ADH promott;r-polylinkor-GAI4 
DBD cassette, which has been entirely sequenced. The pAS2 vector was digested 
with .Wl'.Wl. releasing the original ADH promoter. GAI..4 DBD, polyimker. 
and CYH? selection gene and replacing them by :r.c rn;w ADH promoiw- 
p<>iylinRcr-("iAL4 DBD cassette, [he 7.5-kb pASU vector has the same properties 
as ihc p.AS2 vector but lacks !hc CYH 3 selection gene. 

Analysis of interacting proteins with two-hybrid system. Indicated frag- 
ments oi the cDNAs encoding RING]. BMii, HPC2, HPHl. HPH2, hnxl. and 
Jf.KD were derived via PGR (Expand; Hoehfinger). The iratm'.ents were sub- 
-.:ioncd into the pAS2, pAS?. and pGADH 1 (GAM iKinsaciivation domain 
j'i'AD!; vectors. The fragments were sequenced over their entire lengths. The 
resulting plasmitis. were cot iai .stormed into Sacckawmyo'S ccrevmae YJvO. '! he 
transformanisweic plated on medium lacking leucine, tryptophan, and histidine, 
with or without 3(t mM 3-aminol,2.4-tnazole (3 -AT). Interactions were scored 
negative ii they tailed to grow in the presence of 30 mM 3-AT. Under these 
nonselective conditions, negative in ie tactions were [1-galaelosidasc negative. 
Positive interactions meet the wo criteria of growing in the presence of 30 mM 
3-AT and testing p-£alac!osidase positive. To exclude the possibility that the 
negative ir.icraetors did nor. produce either one of the fusion proteins, we West- 
ern blotted equal amounts of protein and incubated the biots with monoclonal 
antibodies thai specifically recognize the GAJ..4 DBD or TAD protein (Cioniech, 
Palo Alto, Calif.). Ail positive and negative inleraeiors expressed both GAI.4 
DBD fusions and the GAL4 PAD fusions at approximately the same levels (data 
not shown). 

Construction of GST fusion proteins, protein preparation, and in vitro bind- 
ing assay. A 1 A 31 -bp fragment ol the RINGI cDNA which encompasses the 
entire coding region and corresponds to aa I to 377 was cloned into pGKX-2TK, 
thus creating gkualhionc .V-lransfciase (GST)-RING !. A 990-bp fragment of the 
ami- 1 cDNA (a gift from M. van Lohuizen) which covers the entire coding 
sequence and corresponds to aa i to 324 was cloned into pGEX-2TK, thus 
creating GST-Bmi-1. Expression of the GST fusion proteins was induced fot 3 \\ 
at 30"Cwiih 0.4 mM isopropyl-p-D- thiogaiactopyranoside (If TO) as instructed 
by the manufacturer (Pharmacia) (29). The ceiis were peiieted, resuspended in 
binding buffer (phosphate-buffeted saline containing 1 mM HDTA, 1 mM di- 
ihiothreitoL 2 mM phenylmethyisulfony! fluoride, leupeptin [10 ixgmilj, benza- 
uridine |10 jig/mil trypsin inhibitor [JO }i&>'m!J. and aprolinin [10 ,ug/mlj) and 
sonicaied. Triton X-100 was added io a linal concentration of \% (vol/vol), and 



the lysate was incubated for 30 min on ice. Cell debris was removed by ecntrif- 
ugation for 10 min at 14.000 X g. the supernatant was added to gktlalhione- 
Sepharose 4B, and the mixture was incubated for 30 min at 4 6 C. The heads were 
collected by ccntrifugation and washed extensively with binding buffer. Capped 
synthetic IWC2, RINGI, and bmi-l rnRNAs were made by in vitro transcription 
and translated at 20 y.g/ml in a rabbit reticulocyte lysate in the piesencc of 
| 35 S)methionine (19). A 10-p.i slurry of GST fusion protein (immobilized to 
glulathione-Sepharosc) was preincubalcd for 30 min on ice in a final volume of 
200 pi of binding buffer containing 0.5% Nonidet P-40 and 1 mg of bovine serum 
albumin per ml. Subsequently, 3 p.i of the reticulocyte lysate was added to the mix- 
ture and incubated for 30 min at 4°C with rotation. The beads were washed live 
times with 1 ml of ice-cold binding buffer. The complexes were separated on so- 
dium dodeey! sulfafe-poiyaeryiamidc gets, which were subjected to fluorography. 

Western blot analysis of RINGi. Expression of the RING! protein was ana- 
lyzed in cell lysates of RINGI stably transacted Ratla (Ralla/RINGI) and 
control cell lines. For RINGI detection, the blots were incubated with a 1: 1,000 
dilution of affinity-purified rabbit ami-RINGl antibodies (21). Equal amounts of 
proteins were loaded, as measured by the hicmchoninic acid method (30) and as 
visualized by Coomassie staining of a gel. 

Atlas cDNA expression array. Ratla cciis uvcruxprcssing wild-type RiNGl >"<r 
pcDNA3 vector, which were used in the soft itgar growth assay, were arown, and 
stably riansfceied lines were selected by cultuting the cells in Dulbcecos minima: 
essential medium supplemented v.-ith ifl'S newborn calf serum containing 500 p.g 
of Geneticin (G418; Gibco) per ml for 2 weeks. Surviving cells were cionally 
expanded in medium containing 250 ng of G-ijft per ml for 2 to 4 weeks. 
Individual cell clones were selected and cultured in individual dishes. Alter five 
passages, poly(A) RNA was isolated and subjected to diffeiemial display us- 
ing the commercial mouse Arias expression arrays (Cioniech). We also blotted 
poly(A) 1 RNA of the selected Raiia/RINGl clones and control cells and hy- 
bridized the blots with probes for CiAPDH, z-jtui. c-fos, c-myc, and En-2. isolation 
of RNA and Northern analysis were performed according to standard proce- 
dures. The blots were hybridized with fa- 3 *P]dATP-labcied DNA probes, and 
the biots were autoradiographed with intensifying screens at -7D"C, using pre- 
0 ashed X-ray films. 

Soft agar growth assay. Cell lines were analyzed for anchorage- independent 
growth as described previously (20; 28, 31). Ratla ceils were transfected by the 
calcium phosphate transfeclion procedure with full-length RINGI, an N-ieimi- 
nal pari of RING 1 (RINGi aa 1 to 203), and a C-terminal part of RING 1 
(RINGI aa 154 to 377), all cloned in lite pcDNA3 vector. As a positive control, 
c-myc cDNA cloned in the pRcCMV vector and the C-tenuinai deletion mutant 
of HPC2 (AHPC2) (22) were transfected. As a negative control, the pcDNA3 
vector alone was transfected. The ceiis were subjected to Geneticin (G4KS: 51 K) 
fig^'mi) selection. Ceiis were cultured for 14 days. The clones were trypsini'/ed. 
and cells were counted. Then 5 x |0 4 cells in 5 ml of 10% Dulbcceo's modified 
Eagle's utedium containing i)A% (wt/volj agarose were seeded in 5-cm-diarne:cr 
petii dishes which contain )% (wi/vol) agarose. Plates were inspected 21 to 28 
days after seeding of the cells, and colonies were counted. The entire procedure, 
including transfeclion of cDNAs, was performed in triplicate. 

Metastasis in athymic mire. For this study, we used aihymie nude (nmii/nude) 
mice Ihai at the time of injection were 4 to 6 weeks of age. .Ml mice were 
maintained in mieroisolator caijes under HHPA-filtered luminal a;r. NTH 3T3 
cells were transfected with pcDNA3-R!NGl and pcDNA^ via calcium phosphasc 
transfection and allowed to grow for J week in Duibecco's modi lied Lia^le's 
medium containing 10% fetal bovine serum and 250 ^ of teneticiu (G-4JS) per 
mi. Cells were prepared foi ir.jcctiun tmiy from cultures i; - . i(»jjari:hmie gn*wth at 
the time of harvest. The ceiis were briefly treated with 0.u2.r"> trypsin and G.I'-;. 
hDTA in salt solution. The ceiis vsete quickly removed horn trypsin by centrif- 
ugation, resu.spendcd in saline, and injected wiihiri I h in 0.2 ml in :ac bod\ cavity 
with a 2n-gaugc needle. The mice wore maintained under aseptic barrier condi- 
tions until the end of the experiment. After 6 weeks, the animals were ana!y7cd 
for tumors at the surface and in sections of tissues. 

RESULTS 

Multiple interactions between RINGI and PcG proteins in 
the two-hybrid system. Previously, we used the yeast two-hy- 
brid system to identify proteins that interact with components 
of I he multimeric PcG complex. We found that RINGI, a 
previously identified protein with unknown function, interacts 
with the vertebrate Pc homnlogs XPc and HPC2 (21). It has 
been determined that the evolution a rily conserved C-terminal 
domain of the Pc homologs is the domain of RINGI interac- 
tion. The region within the RING. I protein which is responsi- 
ble for the interaction with HPC2 has not been mapped in 
detail. However, RING! contains a well-characlerized zinc 
binding domain, the RING finger, which is not involved in ihe 
interaction with H PC 2 (21). Jl has been argued thai the RING 
linger is a domain involved in mediating protein-proiein inier- 
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TABLE I. p-Gaiaclosidase activities of RING 1 interactions 
in the two-hybrid system 



iJniJ fusion 


'["All fiKtHH ^ * t >*t ^ 

1 .*KJ*f 1 Will** 11 


Interaction' 1 


GAW DBO-RING1 


HPC2 (1-558) 


+ 




BM11 (1-326) 


+ 




RING1 (1-377) 


- 




HPH1 (J -676) 


- 




MPM1 (713-1013) 






HPH2 (137-432 ) 


- 




Enxl (1-746) 


- 




bhU ( i— jj^5 ) 




RINGl-GAM DBD 


HPC2 (1-558) 






BMll (1-326) 






RING! (1-377) 


+ 




HPH1 (1-676) 






liPHl (713-1013) 






MPW2 (J 37-432) 






Enxl (1-746) 






BED (1-535) 





" White colonics were obtained on medium lacking both histidinc and 3-AT. 
Bine colonies were obtained on medium lacking histidine but containing 3 -AT. 



actions (7). Therefore, it is feasible that RING1 interacts with 
other proteins besides HPC2. The fact that RING! is part of a 
mullimerk: protein complex suggests thai RING i indeed may 
interact with more than one protein. 

Having already characterized several human PcG proteins 
(9, 21. 22, 26), we used a directed two-hybrid assay to analyze 
the interactions of RING). For this purpose, a so-called two- 
hybrid grid, containing different constructs of " characterized 
PcG proteins, was designed (Table 1). Previously, differences 
in two-hybrid interactions were detected and attributed to pos- 
sible steric hindrance due to the conformation of the two- 
hybrid fusion proteins (10). Further, the GAL4 DBD can be 
positioned at the N- or C-terroinal end of the protein, and each 
case a different fusion protein is obtained, the two proteins 
may differ in three-dimensional conformation, with one hin- 
dering a potential protein-protein interaction. In order not to 
miss a two-hybrid interaction by possible stcric hindrance of 
the GAL4 DBD at the N-terminal end of the protein, we con- 
structed a novel two-hybrid GAL4 DBD fusion vector, in this 
vector, named pAS3, the DBD is placed at the C-terminal end 
ol the fusion protein. To identify potential RING1 protein in- 
teractions, we screened the two-hybrid grid by using both the 
GAL4 DBD-RING1 (pAS2) and the RING1-GAL4 DBD 
(pAS3) fusion proteins. Using the RING1-GAL4 DBD con- 
struct, an interaction with RING1 itself was detected (Table 1). 
No RING1-RING1 interaction was detected when RING! was 
cloned into the conventional N-terminal GAI..4 DBD fusion 
vector (pAS2). Further, we found that BMll, as well as HPC2, 
interacts with GAL4 DBD-R1NG1. The results are summa- 
rized in Table I. Finally, we found that BMIi is able to interact 
with itself. No interactions between R1NG1 and HPHK HPH2. 
i;-:i:D 5 and Enxl could be detected. 

RING1 interacts with multiple PcG proteins in vitro. Using 
the two-hybrid system, we investigated the protein-protein 
interactions of RING 1 and found that RING 1 is able to 
interact with multiple PcG proteins ('(able I). However, 
different RING 1 fusion proteins were used, and it was found 
that the R1NG1 protein interactions depend on whether the 
GAL4 DBD is fused to the N-ierminaJ or C-terminal part of 
the RING 1 protein (Table 1). To rule out the possibility of 
artifactual positive two-hybrid interactions and confirm the 
RING1 protein interactions, we performed an independent in 
vitro protein-protein interaction analysis, the GST pull-down 
assay. 



Fusions of full-length RING 1 (aa 1 to 377) and Bmi-1 (aa 1 
to 324) proteins to GST were expressed in bacteria. The chi- 
meric GST-RING1 and GST-Bmi-1 proteins were purified and 
immobilized to GST-Sepharose. Sepharose-bound GST-RING 1 
was incubated with full-length, in vitro-translatcd, [ 35 Sjmcthi- 
onine-labeled RING1, HPC2, and Bmi-1 proteins, and pro- 
tein-protein interactions were analyzed. Similarly, interactions 
between GST-Bmi-1 and RING! and Bmi-1 were examined. 

Full-length HPC2 protein has a molecular mass of approx- 
imately 80 kDa (Fig. 1, lane I), and the in vitro-translated, 
full-length HPC2 protein was able to bind to the immobilized 
GST-RING1 (Fig. 1, lane 3) but not to GST-Sepharose alone 
(Fig. 1, lane 2). Also, in vitro-translated, full-length RING! 
(approximately 55 kDa; lane 4) and Bmi-1 (approximately 45 
kDa; lane 7) both bound to GST- RING! (Fig. 1, lanes 6 and 9, 
respectively). No binding of in vitro-translated RING1 and 
Bmi-1 with GS T-Sepharose was observed (Fig. 1, lanes 5 and 8, 
respectively). Finally., we found that Bmi-1 is able to interact 
with itself since in vitro-translated, full-length Bmi-1 binds to 
immobilized GST-Bmi-1 (Fig. 1, lane 10). 

These results confirm our two-hybrid data and also show 
that in vitro, the RING1 protein is able to interact with itself, 
Bmi-i, and HPC2 and that Bmi-1 interacts with itself. 

RING1 contains two different domains involved in RING1- 
R!NG1 interaction. Using the yeas) two-hybrid system and the 
in vitro GST pull-down assay, wc found that RING I is able to 
interact with itself. We performed a deletion analysis, using the 
yeast two-hybrid system, to determine the domains within the 
RING1 protein that are required for RING! -RING 1 protein 
interaction. We found that RING) contains two regions that 
are able to associate (Fig. 2). Both the N-terminal region (aa 1 
jo 205) and the C-terminal region (aa 214 to 377) ol the 
RING i protein interact with full-length RING! (aa I to 377) 
(Fig. 2A). The N-terminal region contains the RING finger (aa 
1 to 65). Mapping the two interaction domains further, we find 
that the N-terminal region of RING1 (aa I to 205) interacts 
strongly with the same N-terminal region (aa 1 lo 205) but not 
with the C-ierminal half of the RING! protein (aa 214 to 377) 
(Fig. 2'B). In determining whether the RI NG finger is involved 
in mediating this interaction, we made two deletion mutants. 
One RING! deletion mutant (aa 1 to 80) still contains the 
N -terminally located RING linger domain (aa 1 to 65), and the 
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FIG. t. Association of RING! with itself. Bmi-i. and HPC2 awl of Hmi-1 
with itseit in viiro. GST-KING! fusion protein, immobilized un glutathione- 
Scphantf.e, interacted with :n vilio-tr.mslaicd. |' 5 $jmeth;i.'nmc-iaboied HPC2 or 
KING I. |*S|mi:!hionin<:-labelcd HPC?. (lane J) was inc-abaled with GST-Sepha- 
rose alone (lane 2) and with GST-R1NG1 (lane 3). [*S]me:h:omne-iaheled 
RING I (lane 4) was incubated will; OS T-Sephaiose alone (Sane 51 and with 
GST- RING I (ianc 6). GST-RING I am) GST-Rrni-I fusion proteins, immohi- 
iized on glutathione- Sepharose, Interacted with in vitro-translated, [•*■'"$ |m*thi- 
omne-iaheted Bmi-l. f- Sjrncihionine-jabeted Bmi-1 (lane 7) was incubated with 
GST-Sopharosc alone (lane 8), with GST-RING1 (lane ')), and with GST-Bini-I 
(lane 10). Ail proteins used in the assay are full length. Molecular masses are 
indicated in kilodaiions. 'Hie input (lanes 1, 4, and 7) was )0% of the amount 
incubated with the GST fusion proteins. 
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FIG 2 Mapping of homodimerization domains of RINGl. (A) Full-length RINGl (aa 1 to 377) was fused to the GAL4 DBD, which in aU constructs shown .s 
located at the C terminal end of RINGl. The plasmids were cotransformed with different portions of RINGl, which were fused to the GAL4 IAD, which is located 
•u the N terminus of RINGl Interactions were positive (+) when the transformants were able to grow on selective medium lacking histidine and when they were also 
B-aalactosidase positive. Relative strength of the interactions is a qualitative indication based on the time needed for blue coloring (++ withir i 30 mm; + between 
10* nd 120 min) and the size of the colonies. (B) N-terminal portions of RINGl fused to the GAL4 DBD were tested for interactions with N- and C- terminal portions 
of RINGL These constructs are fused to the GAL4 TAD. (C) The C-terminal portion of RINGl fused to the GAL4 DBD was tested for interaction with C-lerm.nal 
portions of RINGl fused to the GAL4 TAD. (D) Schematic representation of the two RING1-RING1 protein interaction domains. The RING hnger domain ot the 
RINGl protein is indicated as a hatched black box. 



other mutant contains the remaining N-terminal region (aa 80 
to 200). We found thai both regions are able to interact with 
RINGl (aa 1 to 205), but not as strongly as the intact N-ler- 
minai regions interact with each other (Fig. 2B). 

Next, we analv/.ed (he interaction between RINGl and the 
C-ierminal region of RINGl (Fig. 2C). We found that the C- 
lenninal region of RINGl (aa 214 to 377) interacts with the 
C-ierminal region of RINGl (aa 214 to 377) but not with the 
N-lerminal region of the protein ('aa 1 to 234) (Fig. 2C). It 
appeared thai the C-terminal region of association is fairly 



large, as both of the two deletion mutants, RINGl (a a 200 to 
270) and RINGl (aa 270 to 377), interact with the C-terminal 
region of RINGl (aa 214 to 377) (Fig. 2C). However, the in- 
teraction of these two deletion proteins is weaker than the 
interaction of the entire C-terminal region of RINGl. 

These results show that RINGl contains two different do- 
mains, which are both involved in self-binding. The C-terminal 
region interacts with the C-terminal region, and the N-terminal 
region interacts with the N-lerminal region. Importantly, the 
C-terminal region does not interact with the N-terminal re- 
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RC. ^ Mapping of interaction domains between RING I and HPC2. (A) Indicated portions of HPC2 were (used to the GAM DBD, which in all constructs shown 
is located at the N-tei minal end of HPC2. The plasmids were cotransiormed with full-length RING I (aa 1 to 377). which is fused to the GA1,4 TAD. 1 he GAl .4 I AD 
is located at the N terminus of RING 1. (B) Full-length HPC2 (aa 1 to 558) fused to the GAL4 DBD was tested for interaction with various C-termmal region of RING! 
fused to the GAL4 TAD. (C) Schematic representation of the interaction domains of H PC2 and RINGI. The HPC2 protein contains a chromodomain and a C box. 
which are indicated as grev and black dotted boxes, respectively. The RING linger domain of the RINGl protein is indicated as a hatched black hox. 



gitin. Further, it seems that in both interactions (Fig. 2B and 
C), several contact sites are involved, as different, separate 
domains are still able to interact. The RING finger region (aa 
1 to SO I, for example, is able to interact with the N -terminal 
half of RING 1 (aa 1 to 205) but is not absolutely required, 
since a different region of the N-ierminal-inleracting region 
(aa 80 to 200), outside the RING finger domain, interacts with 
KING! (aa 1 to 205). However, the interaction is stronger if 
the entire region, rather than the different domains, is in- 
volved. This finding indicates that several contact sites may be 
involved in the oligomerizaiion of RINGi. 

Mapping of the RINGl interaction domain for HPC2. Pre- 
viously, RING! was found to interact in the two-hybrid system 
with the evolutionary conserved C-terminal box of verte- 
brate Pc homologs such as HPC2 (21). The domain within 
the RING I protein that interacts with HPC2 has not been 
mapped precisely. We were interested in analyzing whether 
the RING! -RINGl and R 1NG1-HPC2 protein interaction 
domains are identical since we found that one of the interac- 
tion regions of RINGl (C-terminal region) is similar to the 
reeion of interaction with WPC2 (Fig. 2). The RINGl two- 



hybrid clone that we identified as interacting with HPC2 en- 
compasses aa 214 to 377 (Fig. 3B). We made further deletions 
from this fragment and found that wc could narrow down the 
interaction region onlv to aa 230 to 377 of RINGl (Fig. 3B). 
Smaller fragments of RINGl (aa 200 to 270 and aa 270 to 370) 
which were found to be involved in the self-binding of RINGl 
did not interact with HPC2. Yet a different fragment of RINGl, 
ranging from aa 230 to 320, also appeared to be insufficient for 
the association with HPC2. 

These data suggest that the C-terminal interaction domain 
of RINGl is different from the region involved in binding 
HPC2. A longer region of RING 1 (aa 230 to 377) is needed for 
the association with HPC2 than for the RING I -RINGl inter- 
action. It seems that the RING1-HPC2 interaction involves at 
least several contact sites which arc all requisite for a bona fide 
interaction. 

The RING finger proteins RINGl and BMH interact with 
each other. In analyzing the two-hybrid grid and performing 
the in vitro GST pull-down assay, we detected that RINGl and 
BMI1 are able to interact physically (Table 1 and Fig. I). 
Further two-hybrid deletion analyses (Fig. 4) of different BMH 
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FIG 4 Mapping of interaction domains between RING! and BMH. (A) Full-length RINGl (aa 1 to 377) was fused to the GAL4 DBD, which in all constructs 
shown is located at" the N-terminal end of RINGl. The plasmid was cotransformed with the indicated portions of BMI1, which is fused to the GAL4 1 AD. In all 
constructs the GAL4 TAD is located at the N-terminus of BMI1. (B) The indicated portions of RINGl were fused to the GAL4 DBD and tested for interaction with 
full-length BMI1 fused to the GAL4 TAD. (C) Schematic representation of the interaction domains of RINGl and BMI1. The RING ringer domain of the RINGl 
protein is indicated as a hatched black box. The BMI1 protein has a RING finger domain and a helix-rurn-helix-turn-helix-turn (H-T-H-T-H- f) domain, indicated as 
grey and striped boxes, respectively. 



regions show that the N-terminal region of BMH (aa 1 to 136) 
containing the KING finger motif is the region of interaction 
with RINGl. The centra! and C-terminal regions of BMH (aa 
114 to 326 [Fig. 4AJ) containing the putative helix-turn-helix- 
lum-helix-turn motif is not required for the interaction. This 
finding suggests that the RING finger of BMH is the domain 
of interaction will) RINGl. However, the RING finger domain 
of BMH (aa i to 80) itself is not sufficient for the interaction 
(Fig. 4A). It seems, therefore, that both the RING finger and 
a region of the adjacent C-terminal region of BMH are needed 
for association with RINGl. 

Further, we used a deletion analysis of RING I to determine 
the region of RING 1 that interacts with BMH. For RINGL a 
region similar to that in BMH seems to be involved in the 
rTnG I -BMH association. The N-terminal region of RINGl 
(aa I to 234) showed strong interaction with BMI1. The RING 
linger domain of RINGl (aa 1 to 80) itself and the centra) 
region together with the C-terminal region of RINGl (aa 154 
to 377) are not able to interact with BMI1 (Fig. 4B). The 
RING finger domain of RINGl itself is not sufficient for the 
interaction with BMH . 

In conclusion, RINGl. and BMH are found to interact with 



each other. The domain within RINGl that is responsible for 
the RING1-BMI1 association seems different from that need- 
ed for the RING1-RING1 association. For the latter associa- 
tion, the RING finger itself shows binding activity but is not 
required for the interact ion. In the RINGl - BMH interaction., 
both RING fingers are unable to interact on their own. but 
they do seem to be involved in the interaction together with a 
region adjacent to the RING finger. 

BMH is able to interact with itself. Studying the protein- 
protein interactions of RINGl, we found thai RING1 is able to 
interact with itself. The ability to oligomerize has been de- 
tected for several other PcG proteins (9. 10. 19). Therefore, we 
studied whether BMIi is also able to interact with itself and 
found that indeed BMH interacts with itself in vitro (Fig. 1). 
Next, two-hybrid deletion analyses were performed to map the 
domains of interaction. 

Two-hybrid analyses show that different regions of BMH are 
able to interact with full-length BMII (Fig. 5A). Both the 
N-terminal region (aa 1 to 136 and aa 1 to 80), including the 
RING finger, and the C-terminal region (aa 114 to 326) fused 
to the GAL4 TAD are able to interact with full-length BMH 
fused to the GAL4 DBD (Fig. 5A). However, the N-terminal 
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FIG <5 Mapping of homodimerization domains of BMI1. (A) Full-length BMIl (aa 1 to 326) is fused to the GAL4 DBD, which in all constructs shown is located 
at the C-terminal end of BMIl. The plasmid was cotransformed with different portions of BMIl, which are fused to the GAL4 TAD. In these constructs, the GAJ A 
TAD is located at the N terminus of BMIl. (B) An N-termina! portion of BMIl (aa 1 to 136) fused to the GAL4 DBD was tested for interaction with full-length BMIl 
(aa 1 to 126) fused to the GAL4 TAD. (C) The C-terminal portion of BMIl (aa 1 to 136) fused to the GAL4 DBD was tested for interaction with different portions 
of BMIl fused to the GAL4 TAD. (D) Schematic representation of the homodimerization domains of BMIl. The BMIl protein has a RING finger domain and a 
helix-turn-helix- turn-helix-turn (H-T-H-T-H-T) domain, indicated as grey and striped boxes, respectively. 



region of BMIl (aa 1 lo 136) does nol interact with full-length 
BMIl when the GAL4 DBD and GAL4 TAD are switched 
(Fig. 5B ). Deletion analysis of the C-terminai part of BMIl (aa 
136 to 326) shows that it interacts with the C-tcrminal region of 
BMIl (aa 1.14 to 326) but not with the N-termina) region of 
BMIl (aa 1 to 136) (Fig. 5C). These results suggest that dif- 
ferent regions are involved in the oligomerization of BMIl. 
The C-terminal region of BMIl interacts with the C-terminal 
region of BMIl but not with the N-termina! region of BMIl. 
Further, ihe RING linger domain of BMIl is also able to 
associate with the BMIl protein. 

RINGl overexpression results in repression of engrailed and 
enhanced expression of cjun and c-fos. The PcG protein com- 
plex is involved in repression of gene activity. Since RINGl 
appears to be an integral part of the PcG complex, displaying 
multiple interactions with PcG proteins, we studied the func- 
tion of RINGl in regulating gene expression. We overex- 
pressed the RINGl protein in Rat la fibroblast cells and ana- 
lyzed differences in gene expression levels. 

To establish stable cell lines that overexpress the RINGl 
protein, we transfected Rail a fibroblast cells. We tested indi- 
vidual clones for proper overexpression of RI NG. I by Western 



analysis and found higher levels of RINGl in different clones 
of Rati a/RINGl cells than it) untransfeeted cells (Fig. 6A). We 
selected for further analysis two clones expressing higher levels 
of RINGl protein (Fig. 6A, lane 2 and 3). 

To analyze differential gene expression levels, we used a 
mouse Atlas cDNA expression array (Clontech) consisting of 
two identical filters containing approximately 600 cDNAs of 
characterized genes. We isolated poly(A)" 1 " mRNA from con- 
trol cells Ratla cells and from Rail a cells overexpressing 
RINGl (Fig. 6A, lane 1 and 2). The poly(A)* mRNA isolated 
from the two cell lines were used to make cDNA, which was 
labeled and subsequently used for probing the Atlas filters. 
The filters were auioradiographed. and the films were devel- 
oped after several days. The strength of the hybridization 'sig- 
nal is a measure for the expression level of a gene. Individual 
gene expression levels can be analyzed by comparing the hy- 
bridization signals of a gene from the control filter and the 
RINGl filter. Hybridization levels were analyzed with a phos- 
phorimagcr. We found that approximately 20 genes of the 600 
on the filter were either upregulated or downregulated due 
to the. overexpression of RINGl. Most of these genes are 
involved in the cell cycle, oncogenesis, or development (data 
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FIG. 6. Western analysis of stably transfected RiNGl and AHPC2 proteins 
from cell extracts of Rati a eclb. Equal amounts of proteins were Western 
blotted. The mots were incubated with a rabbit ami-KINGi or rabbit ,inti-HPC2 
.inubr-ily. (A) Endogenous rat RING I levels were detected in the untransfected 
cells (lane 1); elevated levels of RING1 were delected in done 8 (lane 2) and 
clone If. (lane 3). ('B) Endogenous rat HPC2 levels were detected in the un- 
transfected cells (lane I); elevated levels of AHPC2 were detected in clone 5 
(lane 1). Molecular masses are indicated in kilodalions. 



not shown). RING 1 overexpression therefore does nol affect 
global gene expression levels, but the targeted genes represent 
a rather specific selection. We analyzed three of these genes 
(see below). 

To verify the differential expression of genes that we detect- 
ed in the Atlas cDNA expression arrays, we performed North- 
ern blot analysis with poly(A)' mRNA of the same cell lines 
used for the Atlas expression arrays and for the Western anal- 
ysis of RING 1 expression (Fig. 6A). In Ratia/RING! cells, we 
found strong repression of the expression of the mouse en- 
grailed gtneJ:.n-2 (Fig. 7). The expression levels of En-2 in the 
cells over expressing RING I are strongly reduced on Northern 
blois in two independently established clones (Fig. 7, lanes 2 
and 3) In Drosophiia. the engrailed gene is a direct target gene 
of PcG proteins (32). 

We also found that the. expression of two proto-oncogencs. 
c-fos and c-jun. is strongly enhanced (Fig. 8A). In control ceils, 
the expression of c-fos and c-jun is hardly detectable (Fig. 8 A, 
lane I). Phosphorimager analysis shewed at least a 10-fold 
increase in the expression level of both proto -oncogenes in 
cells overexpressing the RING1 protein in two distinct clones 
(Fig. 8A, lane 2 and 3). In contrast, the c-myc expression level 
was" not changed by the overexpression of RfNGl (Fig. SA). 

Effects of overexpression of AHPC2 on proto-oncogene ex- 
pression, in a previous study (22), we had shown lhat overex- 
pression of a C-terminal deletion mutant oi HPC2, AHPC2 (aa 
1 to 530), which is not able to repress gene activity, resulted 
in elevated expression of c-myc in the mammalian cell lines 
C57MG and U-2 OS. Surprisingly, overexpression of RING1, 
which is likely a molecular partner of HP 02 in vivo, does not 
result in a changed c-myc expression level in Ratla ceils (Fig. 
SA). The diirerence it) c-myc gene activity by the overexpres- 
sion of either RING 1 or AHPC2 may depend on the difference 
in cell lines lhat are used in the two studies. Another plausible 
explanation is that RING! and AHPC2 affect expression of the 
c-myc proio-oncogenc differently. To address this question, we 
also analyzed the expression levels of the prolo-oncogenes 
c-myc, c-jun, and c-fos in Ratia cells stably transfected with 
AHPC2. 

Individual clones of Ratia/AHPC2 cells were tested for prop- 
er expression of AHPC2 by Western analysis, and a represen- 
tative clone was taken for RNA analysis (Fig. 6B, clone 5). 
Poly(A) ! mRNA from control Ratla and from Ratla/AHPC2 
clone ft were blotted, and the mRNA expression levels of 
c-myc, c-jun, and c-fos were determined. We found that over- 
expiession of AHPC2 it) Ratla cells results in a deregulated, 
enhanced gene expression of both c-myc and c-fos proto-oiv 
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PIG. 7. Repression of En -2 L'.enc expression activity in RlNGl-ir.msiecied 
Ratla ceils. Poly(A) mRNA isolated from Ratla control cells (lane 1 > and from 
RING I- transfected clone 8 (Sane 2) and clone K» (Une S) Raila cells w.is 
Northern blotted and probed with the En-2 gene. To verify equa: RNA loading, 
the tiller was hybridized with a GAPDH probe. 

cogencs (Fig. SB). However, the expression level of c-jun was 
not changed by the overexpression of AH PC2 in these cell lines 
(Fig. 8B). 

RiNGl induces anchorage-independent growth, Ratla fibro- 
blast cells are frequently used to determine the neoplastic 
transformation potentiafof genes (5, 20, 22, 28, 31). Overex- 
pression of the proto-oncogene c-myc alone in Ratla cells is 
sufficient to induce anchorage-independent growth in soft aga- 
rose (28, 31). Overexpression of the dominant-negative C-ter- 
minal deletion mutant AHPC2 enhances the expression of 
c-myc and induces anchorage-independent growth upon over- 
expression in Ratla cells (22). We found that overexpression of 
RING! in Ratia fibroblast cells results in an enhanced expres- 
sion of the proto-oncogenes c-fos and c-jun but not c-myc (Fig. 
8A). We therefore analyzed the potential of the RING J pro- 
tein to induce anchorage -independent growth in Ratla cells. 

We found that RING1 induces anchorage-independent 
growth of Ratla cells (Table 2 and Fig. 9). Surprisingly, the 
effect of RING! on the neoplastic transformation of Ratla 
cells seems much stronger than the effect of the positive con- 
trols. As positive controls for the induction of anchorage-in- 
dependent growth, Ratia cells were transfected with c-m\>i or 
the C-terminal deletion mutant of HPC2, which enhances c- 
myc expression (Fig. SB). Both the number (approximately 500 
colonies/5 x 10 4 transfected cells) and the size of the colonies 
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PiG. S. Expression of c-myc, c-jitn, and c-jb:< in RiNGl- and AHP02-lrans- 
fccied Ratla ceils. (A) Poiy(A) : mRNA isolated from Rat Li control cells (lane 
I ) and from RING I transfected Rat 1 a clone H (!«uie 2) and clone 16 ( lane 3) cells 
was Northern blotted and probed with frogmen Is of c-jun. c-fos, and c-mvt:. (H) 
Poly(A) mRNA isolated from Ratla control ceils (lane 1} and hum AHPC'2- 
iransfected R.illu clone .S (lane Z \ cells was Northern nioiied and pnshed with 
fi ailments ot c-jun. c-fos, and c-myi:. To verity eotuil RNA loadmit, the h!ie« was 
hvbriiliwd with a GAPDH prime. 
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TABLE 2. Colony formation by RING 1 -transfected 

Rat la cel ls in soft agarose 

No. of 

colonies/:; x 

Construct (aaj ™* translecied 

cells'' (maun * 
S£M) 



None « 

pcDNA3 0 

pRcC'MV 432 + 67 

pcDNA3-AHPC2 529 ± 39 

pcDNA3-RJ.NGt (1-203) 0 

pcDNA3-RINGl (154-377) 0 

pcDNA3-RINGi 754 -- 112 

" A total of 5 x lu 4 of each poo; of transfected and Geneiicin-selected cells 
was seeded into 0.4% top Agarose, and colonies with diameters of >0.i mm were 
counted 21 to 28 days after seeding. The entire procedure, including transfection 
of the cDNAs, was performed in triplicate. 

arc comparable between these cell lines (Table 2 and Fig. 9). 
However, for Ratla/RINGl ceils, colonies were not only more 
numerous (approximately 750 versus 500/5 X 10 4 transfected 
cells) but also on average approximately twofold larger in di- 
ameter ( Table 2 and Fig. 9). Further, RING. I and two deletion 
mutants of RING1, RINGl/aa 1 to 205 and RING! /a a 154 to 
377, were transfected in Ratla ceils. RINGl/aa 1 to 203 con- 
tains the RING finger domain but lacks the C-terminal half of 
the protein, whereas RINGl/aa 154 to 377 lacks the RING 
linger domain. Overexpression of either deletion mutant did 
not induce colonies of Ratla cells (Table 2). 

RING! demonstrates metastatic activity in a thymic mice. 
Invasion and metastasis have been considered the hallmarks of 
malignant tumors. NIH 3T3 cells overexpressing oncogenes arc- 



found lo be metastatic in nude mice (3, 35). This metastatic 
assay is often used to assess the oncogenic potential of genes. 
For the PeG proteins Bmi-1 and rnel-18, involvement in the for- 
mation of tumors in mice has been established (2, 13). Trans- 
genic mice develop lymphomas when overexpressing Bmi-1, 
which is considered an onco-protein. Nude mice injected with 
NIH 3T3 cells overexpressing antisense mel-18 also develop 
tumors (13). We found RING! to be a potent inducer of 
anchorage-independent growth in cells and therefore deter- 
mined the metastatic potential of RING1 by injecting alhymic 
nude mice with NIH 3T3 cells that overexpress RING I. 

NIH 3T3 cells were transfected with RING! (pcDNA3- 
RING .l ) and with the empty expression vector (pcDNA.I). 
Nude mice were injected in the body cavity with control cells 
(NIH 3T3 and NIH 3T3/pcDNA3)*and with NIH 3T3 cells 
transfected with RING 1 (NTH 3T3/RING1). Five of the eight 
mice injected with NIH 3T3/RING1 cells developed tumors; 
tumors were found throughout the body cavity, predominantly 
in the liver and epithelial tissues but also on the intestine and 
kidneys. No tumors were detected in the other three mice 
injected with NIH 3T3/RING1 cells. Importantly, no tumors 
were detected in the control groups (four mice per group). 
These results indicate that RING1 induces the formation of 
tumors significantly; however, the control mice did not develop 
any tumors, which suggests that the formation of tumors in 
NIH 3T3/RING1 cells is a result of RING1 overexpression. 

DISCUSSION 

RING! interacts with multiple PcG proteins, PeG proteins 
serve as components of mul timer ic PcG proton complexes, 
which are involved in the heritable repression of gene activity. 
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RING I is a newly identified PcG complex- associated protein 
in mammals. However, the role of RING! as a component of 
the PcG complex is unclear. RING1 is found to interact with 
vertebrate Pc hornologs, but a Drosophila RINGI homolog has 
not been identified. To better understand the role of RING! as 
a component of the PcG complex, we investigated the protein- 
protein interactions of RINGi. 

Using a combination of directed two-hybrid and in vitro 
binding analyses, we found that RINGI interacts with multiple. 
PcG proteins: itself, HPC2, and BMI1. (i) RINGI is able to 
interact with itself via two independent domains. The C-fermi- 
nal \cg\on interacts with the C-terminal region, and the N- 
lerminal region interacts with I he N-terminal region; the C- 
tcrminal region does not interact with the N-terminal region. 

(11) We also mapped the interaction of RINGI with HPC2. A 
large C-terminal part of RINGI is required for the interaction 
with HPC2. The interaction domain of RING! that is respon- 
sible for the association with HPC2 is distinct from the domain 
that interacts with RINGi. (in) For the RING1-BMI1 protein- 
protein interaction, we found that both the RINGI lingers and 
the regions adjacent to that motif of RINGI and of BMI1 are 
needed, t hese results suggest that HPC2 and BMI1 are able to 
interact with RINGI at the same time and that RINGI is an 
integral part of the PcG complex. 

Model' for distinct PcG complexes. RINGI interacts with 
multiple PcG proteins and therefore may serve as a central 
protein for the establishment of a multimeric protein complex. 
Recently, a human RINGi homolog, dinG, has been identified 

(12) . Two mouse RING hornologs have also been identified; 
mouse RinglA and RinglB are homologous to RINGI and 
dinG, respectively. The dinG protein is 31 aa shorter ihan and 
53% identical with RINGI. It contains three regions that are 
very homologous with RINGI. The first 150 aa, including the 
RING linger, are almost 100% identical; the other two regions 
of homolog)' are located in the C-terminal part of the proteins 
and are about 70% identical. Especially the central region, 
between the RING finger and the C-terminal homology do- 
mains, is a region with little homology between the two RING 
proteins. We "found that the N-terminal region of RINGI (aa 
1 to 200), which is well conserved between RINGI and dinG. 
is involved in the self-association of the protein. Therefore, it 
is likely that dinG, like RINGI , can interact with itself via its 
N-tcrminal part and that RINGI and dinG are able to interact 
with each other. The possible interaction of RING 1 and dinG 
would also involve the N-terminal parts of the proteins. 

Recently, several mouse proteins have been found to inter- 
act with RingiB/dinG. It has been found that mouse RingiB/ 
dinG is able to interact with Bmi-1 and with the mouse ho- 
molog of HPH2, MPh2 (1.2). The interaction of RinglB/dinG 
with Bmi-1 involves the N-terminal region, including the 
KING finger. This region is well conserved between RING! 
and RinglB/dinG, and the finding that dinG is involved in the 
interaction with Bmi-1 is in agreement with our results that 
RING) is able to associate with BMI.l. Further, it has been 
found that RinglB/dinG interacts with MPh2 through its cen- 
tra! and C-termlnal regions. We have shown that RING! is not 
able to interact with human hornologs of Ph ; HPH i and HPH2 
(Table 1). The region of RinglB/dinG that is involved in the 
interaction with MPh2 is not homologous with the correspond- 
ing region of RINGI. This would imply that RinglB/dinG 
contains a specific region that is absent in RINGI and is re- 
sponsible for the interaction with MPh2. These results indicate 
that RINGI and dinG are able to interact with different pro- 
teins, which could provide specificity for the formation of dif- 
lerent PcG protein complexes. 

The abilities of RINGI. 'King! A and RinglB/dinG to asso- 
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FIG. 1U. Model of human PcG multimeric protein complexes. (A) Mode! of 
a PcG protein complex which contains RINGlARingl A; (B) clinG/RingIB as the 
central protein for the establishment of a multimeric PcG protein complex. 



date with multiple and different vertebrate PcG proteins sug- 
gest that depending on the presence of either RINGl/RinglA 
or RinglB/dinG, different vertebrate PcG complexes can be 
formed. If the RINGl/RinglA protein is present, it can inter- 
act with BMI1 but not with HPH2. Next, in the protein-protein 
association of RINGl/RinglA and BMIL HPH 2 is able to 
interact with BMI1 (Fig. 10A). If RingiB/dinG is present, both 
BMI1 and HPH2 can interact with RinglB/dinG directly (Fig. 
10B). Further, both RING proteins are able to interact with 
HPC2. It lias also been found that the vertebrate PcG proteins 
BMI1 and HPC2 interact with each other. Mouse hornologs of 
BMI1 and HPC2, Bmi-1 and M33, respectively, have been found 
to interact in the two-hybrid system (10). Also in Xenopus, 
direct interactions between hornologs of the vertebrate PcG 
proteins BM 11 and HPC2 have been detected (19). t hese data 
suggest that BMI1 is able to interaction with either RINGI or 
HPC2 in the formation of a multimeric PcG complex. Previ- 
ously, coimmunoprecipitation experiments presented addition- 
al evidence that RING), BMIL HPC2, and HPH I are, indeed, 
in vivo associated (21). importantly, here we present models 
for human PcG complexes in which at least four proteins, 
RINGI, HPC2, BM 11, arid HPH2, interact with each other. 

Deregulated gene activity in RINGI -transformed ceils. In 
Drosophila, PcG proteins have been identified as repressors of 
homeotic genes (IS, 36). PcG proteins have also been found to 
regulate the expression of gap genes (17) and to self-regulate 
the expression of certain PcG proteins (IS, 36). Previously we 
have shown that interference with the function of HPC2 de- 
regulates the expression of c-myc. PcG proteins bind to more 
than 100 loci on the polytene chromosome, of which the ma- 
jority of the genes have not been determined. It is likely that 
besides the regulation of genes involved in development, dif- 
ferent classes of genes are regulated by PcG proteins. We 
analyzed the differential expression of genes after overexpres- 
sion of RING! in rodent Ratla fibroblast cells. 

Upon the overexpression of RINGI, a mouse homolog of 
engrailed, En-2, is down regulated, resulting in a decreased ex- 
pression. From these data it cannot be concluded whether the 
effect of RINGI on En-2 is direct or indirect. However, over- 
expression of a protein, RINGI, that represses gene activity 
(32) may result in a decreased gene expression. It is therefore 
feasible that the effect of RING 1 on En-2 expression is direct 
and that En-2 is a direct target gene of RINGI . In vivo cross- 
linking experiments and polytene chromosome binding analy- 
ses have shown that the Drosophila engrailed gene is a direct 
target gene for PcG proteins (32). The functions of different 
PcG proteins are evolutionary conserved For instance, both 
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in Drosophila and in vertebraies, PcG proteins are involved in 
the regulation of homeotic genes. This suggests that engrailed 
is also" a target gene for mammalian PcG proteins and that 
En-2 is a direct target gene of RING!. 

We have further found that over expression of KING1 re- 
sults in a deregulated, strongly enhanced expression of the 
proto-oncogenes c-jun and c-fos. It can be expected that over- 
expression of the RING! gene repressor in general results in a 
decreased gene expression, as we saw for En-2. The enhanced 
expression of the proto-oncogenes c-jun and c-fos therefore is 
not likely to be a direct effect of RINGL Instead, it is more 
likely that upstream regulator genes arc direct target genes of 
RINGl. 

Previously, we have observed that overexpression of HPC2 
represses the expression of the proto-oncogene c-myc in the 
mammalian cell lines U-2 OS and C57MG (22). Surprisingly, 
we did not detect effects on c-myc expression upon the over- 
expression of RING!, ff RING I has a (unction in gene expres- 
sion regulation similar to that of HPC2, a comparable effect on 
c-myc gene activity would be expected as the result of overex- 
pression of either protein. An explanation for the different 
e fleets of R1NG1 and HPC2 overexpression on c-myc expres- 
sion may be the difference in cell lines used. In that case, the 
action of the PcG complexes could be ceil type specific. How- 
ever, comparative analysis of c-myc, c-fos, and c-jun expression 
upon the overexpression of either RING! or AHPC2 in Ratla 
cells (Fig. 8) dearly shows that RING1 and HPC2 have differ- 
ent effects on the expression of at least c-myc and c-jun. These 
results argue against the idea of a cefl-lype-speciJic difference 
of c-myc expression by PcG proteins and suggest instead that 
RING ! and HPC2 have distinct regulatory effects on different 
cenes. 

Involvement of RING! in tumorigenesis, In this study, we 
investigated the rofe of RINGl as a component of the verte- 
brate PcG complex. We found that RING 1 interacts with mul- 
tiple PcG proteins, which indicates that RING! may function 
as a central protein in the formal ion of vertebrate PcG protein 
complexes. Since several PcG proteins have been implicated in 
tumorigenesis, we analyzed the potential role of RINGl in this 
process. We found that overexpression of RING! results in 
enhanced expression of the proto-oncogenes c-jun and c-fos 
but not c-myc. Concomitantly, RING; is able to induce an- 
chorage-independent growth of Ratla cells. Moreover, RING! 
is a more potent inducer of anchorage-independent growth 
than are c-myc and AHPC2, as measured by both number and 
size ol foci. This observation coincides with the finding that 
overexpression of AHPC2 results in enhanced expression of 
both c-myc and c-fos but not of c-jun. it suggests (i) that the 
induction of anchorage-independent growth by RINGl is me- 
diated by elevated c-fos and c-jun expression, whereas the 
induction of anchorage-independent growth by AHPC2 is me- 
diated by elevated c-fos and c-myc expression, and (ii) that the 
cooperative action of elevated c-fos and c-jun levels is belter 
able than that of enhanced c-fos and c-myc levels to induce 
neoplastic transformation in Ratla cells. In this respect, it is of 
considerable interest that overexpression of human c-jun alone 
is able to transform Ratla cells and that this effect is enhanced 
by the expression of c-fos (25). Finally, the differential en- 
hancement of c-fos. c-jun. and c-myc expression due to over- 
expression of either RING! or AHPC2 suggests that these 
proteins cause cellular transformation through different: mo- 
lecular pathways. 

As a second assay to determine whether Rl'.NGl is involved 
in tumorigenesis, we studied if RINGl is able to induce me- 
tastasis. We found that NIH 3T3 cells overexposing RINGl 
form tumors when injected into nude mice. In this respect, 



RINGl is similar to Bmi-1, another vertebrate PcG protein 
which is involved in tumorigenesis. Overexpression of Bmi-1 
induces the formation of tumors, and therefore bmi-1 is con- 
sidered to be a proto-oncogene (2). The vertebrate PcG pro- 
tein rnel-18, on the other hand, is considered to be encoded by 
a tumor suppressor gene since overexpression of antisense 
DNA but not of sense DNA induces the formation of tumors 
(13). Taken together, our results support the increasing evi- 
dence that chromatin-associated PcG proteins are linked to 
human diseases like cancer. 
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